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SUMMARY

The transport properties of nitrogen up to 15, 000 OK are obtained. The
nitrogen is assumed to consist of five species; electrons, molecular, ground
state atomic, electronically excited atomic, and singly ionized atomic nitro-
gen. In this work the method of calculation and the results are presented.

In part I (1) the collision integrals used in the calculation were presented.
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INTRODUCTION

In the previous report on nitrogen transport properties (1) the col-
lision integrals used in the calculation were presented. In this report the
method used and the results of the calculation will be presented. A com-

parison to the results of other workers will be made.



METHOD

The transport properties are computed by a Chapman-~-Enskog solu-
tion of the Boltzmann equation (2, 3). The viscosity is computed using the
first approximation of the Sonine polynomial expansion while all other
transport properties are computed to second approximation. The for -
malism used to compute the thermal conductivity, diffusion, and thermal
diffusion coefficients is a slight variation of the rapid unified method
presented in (4, 5). The changes were made to eliminate difficulties
that occur when the mole fractions of any of the constituents goes to zero.
Recent work by DeVoto (6) summarizes and extends the knowledge of the
convergence of the Sonine polynomial expansion for ionized gases. An
error due to the use of the first approximation for viscosity will be
about 15% for a fully ionized gas, but will be much smaller for a partially
ionized gas. For fully ionized gas the errors in the thermal conductivity,
diffusion, and thermal diffusion will be 15%, 1%, and 12%, the amount de-
pending on how these quantities are defined.

Using the usual definition of the velocity of the center of mass of a

-

-
fluid element A in terms of the mean velocity of a species i, A

— 1 -
1 = —
(1) Yo pznimivi
(2) V=vy-v
1 1 (0]




Following (3) the diffusion velocity is expressed in terms of mixture

diffusion coefficients and thermal diffusion coefficients.

5 E M, MD, T
(3) V.= —y —- . - VinT
X, _
i i T M _] X M p
where
. X | M,
(4) d = UX +X. 1-M/M) Utnp- +|F - LY x F
) v J J J v kT| j M Z k k
5 M =
(5) M Zkak
The diffusive mass flux J. is
(6) J.=n.m.V
i i1 i
and the conductive electric current is
§ = V. Z
(7 J eZ“i i 71
T
D. d

— / b 1 i
8 = - T+ nh V -nkT), ——=—
( ) d A v nl 11 n m, n,
1 1
Customarily the last term is broken up into a part proportional to the
temperature gradiant and a part proportional to diffusion velocities. This
is convenient for situations in which the diffusion velocities are zero, e.g.
a thermal conductivity cell with no chemical reactions. In general, itis

believed the eq. 8 is more convenient. A correct development can



be found in (7), while the development in {3) is in error.

The second term strictly is a summation over all quantum states of
all chemical species. Electronically excited states can have much larger
cross sections than ground states so they should be considered sep-
arately. However, it is not practical to consider each vibrational and
rotational level of the molecules present as a separate state. If it is assumed
that energy is transferred sufficiently rapidly between internal and trans-
lational energy the internal states can be assumed in a near Boltzmann
distribution at a temperature equal to the translational temperature. The
formal generalization of the Chapman-Enskog theory for this case is pre-
sented by Monchick, Yun, and Mason (8). In addition, if it is assumed that
the cross sections of the various levels are equal, and that inelastic
collisions do not perturb the translational distribution function significantly
(the quasi-elastic assumption of (8)) the generalized Eucken correction is

obtained. The energy flux now includes summations over chemical species.

DTd
-t —‘. i i
(9) q=-XvT->\inth+E n.h.V.-nkTE;—'Fi'q

1 1 1

X.
_ 1
(10) Aint " nz %€y int Z 9.

The quantities sij are the binary diffusion coefficients
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In this dimensional form pressure is in atmospheres, the collision integral
in square Angstroms, the temperature in degrees Kelvin.

Ambipolar Diffusion

Ambipolar diffusion is defined as the existence of two conditions in an

ionized gas, local neutrality, and the absence of electric currents.

(12) in Zi =0

Z V. =
(13) Exi (V. =0

If the Debye length is short in comparison to the distances in which
appreciable changes in the flow take place the ionized gas will tend to be
locally neutral. The ionized gas is then said to be a plasma. Outside of
regions of rapid change such as shock waves and plasma sheaths around

solid bodies the condition is met for gases having an appreciable electron

density. If the gas is assumed everywhere locally neutral, then: 1. currents

can be passing through the gas between electrodes; 2. there can be closed
current loops; or 3. there can be ambipolar diffusion. If we ignore the
second possibility in the absence of electrodes there must be ambipoiar

diffusion. There can be no current loops in spherically symmetric,




cylindrically symmetric, and planar problems.
In ambipolar diffusion a self induced electric field is generated to
prevent the electrons from diffusing faster than the ions. In the absence

of other body forces the force on a particle and the resultant electric

field are

(14) F zeEZ,

J J

Zil\_/IZ -
Z D - D T
(15) E = Zi Zj
e
X
Z kT M DlJ

If the electric field, eq. 15, is substituted into eq. 3, after some simple

algebra involving changing the order of the summations, we obtain

M, D JtnT
(16) v-L 3208 3. i
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>M X D. z 2D .z
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The quantities D/ij and DiT can be thought of as effective diffusion and
thermal diffusion coefficients respectively. In problems involving
ambipolar diffusion their use is recommended (5). It should be noted
that the D/ii are not zero as the Dii are. At vanishing degrees of ionization
the interdiffusion of the neutral species and the energy flux will have the
same value if computed by effective or ordinary diffusion and thermal
diffusion coefficients. However, the corresponding individual coefficients

do not become identical.

Viscosity

The first approximation to the viscosity of a gas mixture is given by

(20) u=73% X b

where b, . is the solution of the linear system
id

F oo + H b = X
(21) Hllblo + lebzo 12 20 1
’ +oooens + H b, =X
H21b10 + szbzo 22 20 2
with matrix elements
X 2 2RTX X M
s T iy k [1+_1 k A*]
il (M +M )9 5 M,
Ky p VH TR Yk L i K
inx' RT 3 *
He.=- M +M) 9 1- 5 A i#]
ij i j p ij J




The viscosity of a pure gas of species i to first approximation is,

2. 669;:10'5[1\/1i T:I]L/‘2 <

(22) u =
Q(Z, 2)

Usually the diagonal matrix elements are much larger in absolute
value than the off diagonal elements so that the linear system eq. 21 can be
approximately solved by an expansion. Using only the first three terms

we obtain the approximate formula

2
> Xi XiX.H.. X.XkH Hk
3 = - J_1) 4 J 1) 1
(=3 = = z:§HH 22 Z:é S
ii 1 J#1 711 jj i j#1i k#i i i kk

Eq. 23 is much simpler to evaluate than eqs. 20 and 21, However,
in some instances it was shown not to be accurate.

The viscosity will not be effected by the changes in the Q(l) cross
section of the N - N* interaction caused by excitation exchange. For
want of better knowledge all the other cross sections of the excited nitrogen
atoms are taken as being equal to the ground state nitrogen atom. Hence

for the viscosity the explicit differentiation of ground state and excited

nitrogen atoms has no effect on the final result.




Diffusion, Thermal Diffusion, and Thermal Conductivity

T
The diffusion coefficients Dij’ the thermal diffusion coefficients Di .

and the frozen translational thermal conductivity A/ , are obtained simul-
taneously in a formalism due to Sherman (4, 5). We will use a square matrix
composed of four quadrants, each of ¥V x ¥V elements, where V is the number
of species. The matrix is neafly identical to that of (3), but is divided by Xj
to avoid numerical difficulties that would occur as some of the mole fractions

approach zero.

00 00 01 01
...... L. ......L
L11 le 11 lv
00 00 01 01
...... L ... ...

vl vv vl vy
10 10 11 11

L. ......L LT ......

11 lv L11 Llu

10 10 11 11
L ... ... L

Lvl"""va vl _ vV
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(M. + M )° 9
i Mk ik
x. MM
11 PV * * .
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where A .

(25)

(26)
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The a,j are the unknowns in the linear system
i

(27)

L11 a10+ ..... +L1vaV0
00 00
L
v1 210 vvuo
10 10
L11a10+ ..... +leav0
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or in more compact notation
(28) L.a=R

The diffusion coefficients are obtained using the same matrix but with a

different inhomogenous vector.

16T — _(j, 1)
(29) Dij' 25p MM i0
j
300 L .cld_gli
iy I 7]
(31) gl 1) =|6,.- 6
j =i
523"521
6 .-06
V) Vi
0
0
_ 1i=j - o
where 61j = 01 #]

The first approximation to the diffusion coefficients would be obtained
by just using the (0, 0) quadrant to obtain the CiO’ while the first approximation
to the frozen thermal conductivity would be obtained by just using the (1, 1)
quadrant to obtain the a;;. The equations are most readily solved by in-
verting the L matrix. The matrix is sufficiently well behaved so that stand-
ard matrix inversion routines using single precision arithmetic were
satisfactory. The unknowns are then obtained by matrix vector multipli-

cation.
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The diffusion coefficients and the thermal diffusion coefficients must

obey certain consistency relations obtained from eq. 3 and irreversible

thermodynamics (3) .

Dki Dk'
(32) D.=D_+ ¥ M - J]
ij A KZi k M_] Mi
k#j
(33) ZDiT=0
- 2
34 X |-MM D + X M D
(34) J[ j i) kz:;i k k ik]

— 2 2
=X |-M +
i[ M; D, kzjxk Mijk]

It is now possible to define an '

'equilibrium reaction thermal conductivity"
for a constant pressure process in which the composition is in equilibrium

and is only a function of temperature. Ambipolar diffusion is assumed.

= _ 9
A vT
5 M dX, M, dX,
’ l _J_ ’ ,!
=Xt xint - S p XYL D g7 - "X E X5 B a7
i 1 J
5 p!* R EiD;T
1
+ = +
> R M, T L M,
DiT ax
1
*RTY. X 4T
R D'ier
e
Tk EZI: Mi
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The self induced electric field of the last term is given by eq. 15.
A few checks indicated that the last four terms, the thermal diffusion

terms, made only a slight contribution.

14




RESULTS
Viscosity

The qualitative behavior of the viscosity as shown in Fig. 1. is readily
explicable. At the lowest temperatures considered the nitrogen is nearly
all molecular nitrogen and the viscosity of this one component gas is inde-
pendent of pressure. As the nitrogen dissociates there is a modest rise
in the viscosity as compared to less dissociated nitrogen at the same tem-
perature but higher pressure since the collision integral of atomic nitrogen
is less than the molecular. As the gas ionizes,the viscosity drops drastically.
Electrons,because of their small mass,do not contribute significantly to the
viscosity,and the contribution of the ions is much less than the neutrals be-
cause of the large Coulomb cross section. At the highest temperatures and
pressures considered,the gas is nearly fully singly ionized and the viscosity
begins to rise with the expected 5/2 power temperature dependence.

The only results on the viscosity of high temperature nitrogen that this
author has found are that of Yos (9). Yos considers hydrogen, oxygen,
nitrogen, and air,up to 30, 000 9K at 1, 3, 10, and 30 atmospheres. However,
his transport property formulas are much more approximate than those used
in this work. Yos and the present results agree at the lower temperatures,
but the value of the viscosity as given by Yos is up to 50% higher at tempera-

tures near 15, 000 OK.

15



Thermal Conductivity

The frozen translational thermal conductivity is shown in Fig. 2. The
curves are very roughly similar in shape to the viscosity curves for simi-
lar physical reasons. In contrast to the viscosity, the contribution to the
frozen translational thermal conductivity of the electrons is not small.

The ion contribution is always negligible.

Fig. 3. shows the sum of the frozen translational thermal conductivity
and the Eucken-like correction for the different internal energy levels of
the molecule. When all the molecules are dissociated,the curves become
identical to those of Fig. 2.

Fig. 4. shows the "equilibrium effective thermal conductivity' for an
equilibrium gas at constant pressure with ambipolar diffusion. The values
are considerably larger than those of Figs. 2 and 3 because of the diffusive
fluxes of dissociative and ionization energy with their energy release. All
the thermal diffusion effects are small. In Fig. 5,excitation exchange between
excited and ground state nitrogen atoms is ignored. This results in an
apparent increase in the effective thermal conductivity by no more than about
ten percent in some regions and in negligible effects at low temperatures,
and at high temperatures and low pressures. The assumption of Fig. 4,
that the excitation exchange cross section is equal to the charge exchange
cross section, and the complete neglect of excitation exchange in Fig. 5
represent probable upper and lower bounds. Clearly a four species model
of nitrogen combining all neutral nitrogen atoms is fairly accurate, at least

near equilibrium.
16
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Y e s e e —

Yos (9) presents values of equilibrium effective thermal conductivity
and the frozen translational thermal conductivity with the Eucken-like
correction. At low temperatures both sets of values are in good agreement,
but above 10, 000°K the equilibrium effective thermal condictivity of Yos is
up to 40% higher than the present values. The frozen translational thermal
conductivity is no where in disagreement by more than 20%.

Burhorn (10) calculated the effective thermal conductivity and obtained
results in poor agreement with this paper. He shows a peak of roughly
6 x 10° erg/cm-sec. Kat 7, 000°K compared to 4 x 105 at about 8, 000 K.

At higher temperatures Burhorn is too low by about 30%. Both the Yos and
Burhorn methods of computing transport properties are not as exact as the
present method.

Diffusion and Thermal Diffusion

The diffusion and effective diffusion coefficients are to be found in the

tables together with the binary diffusion coefficients.

17
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Frozen Translational Thermal Conductivity of Nitrogen

Figure 2.
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with Excitation Exchange

Figure 4.
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SUMMARY

The transport properties of nitrogen up to
15,000°K are obtained. The nitrogen is assumed to
consist of five species; electrons, molecular, ground
state atomic, electronically excited atomic, and singly
ionized atomic nitrogen. In this work the method of
|_calculation and the results are presented. In partI (1) _
the collision integrals used in the calculation were
presented,
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